Abstract: Based on the traditional regenerative braking electrical circuit, a novel energy recovery system for the main and auxiliary sources of electric vehicles (EVs) has been developed to improve their energy efficiency. The electrical circuit topology is presented in detail. During regenerative braking, the recovered mechanical energy is stored in both the main source and the auxiliary source at the same time. The mathematical model of the proposed system is derived step by step. Combining the merits and defects of H 2 optimal control and H ∞ robust control, a H 2 /H ∞ controller is designed to guarantee both the system performance and robust stability. The perfect match between the simulated and experimental results validates the notion that the proposed novel energy recovery system is both feasible and effective, as more energy is recovered than that with the traditional energy recovery systems, in which recovered energy is stored only in the main source.
Introduction
In a world where environmental protection and energy conservation are growing concerns, the development of electric vehicles (EVs) as potential ecological transportation tools has taken on an accelerated pace [1] . However, the commercialization and popularization of EVs has not been very successful. Of all the technological challenges facing EVs, their high initial cost and short driving range remain the main barriers to success. Energy recovery is an efficient approach to extending the driving range with limited energy sources, and the driving range of EVs could be increased 25-30% [2] . For example, the "Prius" EV from the Toyota Company can extend its driving range by up to 20% with regenerative braking energy, and the "Insight" EV from Honda can increase it by 30% [3] , but the energy recovery efficiency is not the highest [4] . Multiple storage devices consisting of batteries and peak-power sources are proposed to improve the energy efficiency of conventional EVs. Flywheels and supercapacitors seem to be suitable as peak-power sources. The recovered energy is charged to the peak-power source or the main source through a DC/DC converter working as a booster [5, 6] . In general, the rated voltage of peak-power sources is much higher than the bus level, which is defined by the main source (batteries). As a result, the DC/DC converter has to boost the back Electro-MotiveForce (EMF) of the motor to the voltage of the peak-power source. The higher the voltage of the main source is, the more difficult it is for the DC/DC converter to provide this boost. When the EMF of the motor decreases too low to boost to the voltage of the main source, the rotating mechanical energy is consumed by circuit resistances as thermal energy, which is wasted. If the wasted energy can be recovered, the energy recovery efficiency can be further improved. For most EVs, electrical components are powered by the main source through a DC/DC converter. The power requirements of the electrical components have been rising rapidly for many years and are expected to continue to rise. These increasing power requirements are the main cause for the short driving ranges of EVs, which prevent EVs from further commercialization. Some EVs, however, are conversions from traditional internal combustion engine (ICE) cars, for example the GM EV1 [1] . A traditional auxiliary source is reserved to power the electrical components instead of a DC/DC converter. The voltage of the auxiliary source is 12 V or 24 V, which is much lower than the bus level [7] . When the EMF of the motor is too low to boost to the voltage of the main source, it is higher than the voltage of the auxiliary source, so the energy can be recovered further by an electrical circuit working as a bucker.
In most traditional energy recovery systems, the recovered mechanical energy is only stored at the main source or peak-power source of EV, which consists of a single battery pack or is coupled to supercapacitors or flywheels. In this paper, a novel energy recovery system for the main and auxiliary sources is presented. During regenerative braking, the recovered energy is stored both at the main source and the auxiliary source. There have been no reports on the circuit topology of the proposed system until now. The control of the proposed system is complicated by its nonlinear characteristics and unknown environmental parameters. Various attempts to satisfy the control performance for traditional energy recovery systems have been presented, such as variable structure control in [8] , fuzzy control in [9] , intelligent control in [10, 11] , and neural network control [12] . However it should be noted that these aforementioned controllers are all based on a fairly concise model, where the uncertainty is not considered. H 2 /H ∞ control has been proven to be effective for controls related to nonlinear dynamic systems [13] , so H 2 /H ∞ control is applied for the novel energy recovery system for the main and auxiliary sources.
In this paper, the scheme and principles of the novel energy recovery system are presented, emphasizing first on the electrical circuit topology. Then the mathematical model is derived step by step. Aimed at addressing the strong nonlinear characteristics of the proposed novel energy recovery system, a H 2 /H ∞ controller is designed to guarantee both the system performance and robust stability. Subsequent to a simulation of the system and some experiments, the paper discusses in detail the feasibility and effectiveness of the proposed system. Finally, the conclusions are summarized.
Energy Recovery System for the Main and Auxiliary Sources

The Scheme and Principle
The case study is carried out on the "XJTUEV_II" EV, which was converted from an ICE car by Xi"an Jiaotong University and the auxiliary source was preserved. A schematic of the energy recovery system for the main and auxiliary sources of the "XJTUEV_II" EV is depicted in Figure 1 . It consists of the main source, the auxiliary source, the controller, the power converter and the DC motor. The main source provides the storage energy for traction of the motor, formed by a pack of 10 lead-acid batteries (12 V, 245 Ah). The auxiliary source, formed by a lead-acid battery (12 V, 60 Ah), provides the energy for the electrical vehicular components. The nominal voltage of the DC motor is 120 V. During driving, the motor current refers to the sensor voltage of the accelerator pedal. According to the reference current, the main source provides the energy to the motor and propels the vehicle. During regenerative braking, the charging currents to the main and auxiliary sources refer to the sensor voltage of the brake pedal. Both the main and auxiliary sources store the recovered energy. Occasionally the storage energy of the auxiliary source is deficient, and then the main source delivers energy to it by the power converter. Thus the auxiliary source doesn"t need an additional charger. Compared with the traditional regenerative braking system, which stores the recovered energy at the main source only, the proposed energy recovery system stores the energy both at the main and auxiliary sources and more energy is thus recovered. 
The Electrical Circuit
The electrical circuit of the novel energy recovery system is depicted in Figure 2 , where L and R L are the inductance and resistance of the motor armature; U b1 and U b2 are the voltage of the main and auxiliary sources; C 1 and C 2 are the filter capacitor of the main and auxiliary sources; i m is the current passing through the motor armature; i b1 and i b2 , i c1 and i c2 are the currents passing through the main and auxiliary sources and corresponding filter capacitors, respectively; U m is the voltage of the EMF of the motor armature; d 1 and d 2 are the duty cycle of IGBT T1 and T2, R b1 , R c1 , R b2 , R c2 are the wire resistances. The power converter consists of IGBT T1, T2, and T0. The power converter works in a boost converter or buck converter mode. Through the power converter the energy can flow from the main source to the traction motor, the recovered energy can flow from the motor to the main and auxiliary sources at the same time, and the energy can flow from the main source to the auxiliary source [14] . What is important is that the diode D1 is necessary. Without D1, the auxiliary source will be short-circuiting when T1 switches on. The current is along U b2 →T2→T1→U b2. During driving, T1 and T2 switch off, and T0 switches on PWM mode. The power converter works as a bucker. The traction current of the motor depends on the duty cycle of PWM T0. The traction current is along the main source→T0→the motor, as shown in Figure 3a . Once the energy of the auxiliary source is deficient, which seldom happens, the main source begins to charge the auxiliary source. T2 or T0 switches on PWM mode, and the other switches on. T1 switches off all the time. The charging current is along the main source→T0→T2→ the auxiliary source, as shown in Figure 3b . During the braking, the rotating motor can"t stop suddenly because of its mechanical inertia and tends to rotate in the original direction. The EMF of the motor armature continues to hold its magnitude and polarity, the motor works in an energy resuming braking mode and a regenerative braking mode alternatively.
Energy Resuming Braking Mode
During the energy resuming braking mode, both T2 and T0 switch off, and T1 switches on. The current is motivated by the EMF of the motor. With the increase of the motor current, the inductance of the motor armature begins to store the energy. The current is along the positive polarity of EMF→T1→the negative polarity of EMF, which is shown in Figure 4 . As the direction of the motor current is inverted to the traction current, the motor generates braking torque to decelerate the vehicle. 
Regenerative Braking Mode
During the regenerative braking, the storage energy of the motor armature inductance is delivered to the main and auxiliary sources. Firstly all IGBTs T1, T2 and T0 switch off. Because the current of the motor armature can"t disappear suddenly, the inductance begins to pump the storage energy to the main source by the power converter working as a booster. The current is along the positive polarity of EMF→T0→the main source → the negative polarity of EMF, which is shown in Figure 5a . The value of the charging current to the main source depends on the duty cycle of PWM T1. When the voltage of the EMF is not high enough to boost to the voltage of the main source, IGBT T2 switches on. The inductance begins to deliver the energy to the auxiliary source by the power converter working as a bucker. The current is along the positive polarity of EMF→T2→ the auxiliary source→the negative polarity of EMF, which is shown in Figure 5b . The value of the charging current to the auxiliary source depends on the duty cycle of PWM T2.
The Mathematic Model
Taking the currents of Figure 2 as the normal direction, the electrical circuit of the system can be characterized by the following sets of equations (1-3). During braking, T0 switches off all the time. During the energy consuming braking, T1 switches on, and T2 switches off. The circuit equations can be expressed by [15] :
During the regenerative braking, the recovered energy is stored first at the main source. Both T1 and T2 switch off. The circuit equations can be expressed by:
During the regenerative braking, the recovered energy is stored secondly at the auxiliary source. T1 switches off, and T2 switches on. The circuit equations can be expressed by:
Selecting the state vector of the electrical circuit as
, where i m is the current passing through the motor armature, U C1 the voltage of the main filter capacitor, and U C2 the voltage of the auxiliary filter capacitor. Selecting the control vector as
, where U m , U b1 and U b2 are the voltages of the EMF of the motor, the main and auxiliary sources, and the output vector as T 12 [] bb y i i  , where i b1 is the charging current to the main source and i b2 the charging current to the auxiliary source [16] . Then the system can be transformed to the state equations (4, 5, 6) corresponding to the circuit equations (1-3).
The state equation corresponds to equation (1) is:
The state equation corresponds to equation (2) is : 2 12 2 12
The state equation corresponds to equation (3) is: 3 13 3 13
x A x B u
where the coefficient matrices refer to Appendix I. The matrices of the state equations (4-6) are defined by the electrical circuit of the "XJTUEV_II" EV. The corresponding coefficients are as follows:
We synthesize the equations (4-6) by
  , where d 1 is the duty cycle of PWM T1, and d 2 is the duty cycle of PWM T2. The synthesized system is not continuous, but nonlinear. It is difficult to design a controller based on a nonlinear model. Because the modulation frequency of PWM is 20 kHz, it is much higher than the crossover frequency of the electrical circuit of the system [17] . According to the state space averaging method and small-signal assumption [17] , the system behavior can be described by the following small-signal equations:
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H 2 /H ∞ Control
"XJTUEV_II" EV was converted from an ICE car and retained its gear box and cluster. First, because the braking system is composed of mechanical braking and electrical braking, the variation of the strength of mechanical braking is a serious disturbance to the control system. Secondly, since the converted EV reserves the gear box and the cluster, the variation of the driving style leads to the variation of the inertia moment equalling to the motor shaft from the chassis weight, resulting in the perturbation of the model parameter. Thirdly the stochastic variation of the battery voltage and the rolling resistance are uncertainty elements for the model. On the other hand, the DC/DC converter is a strongly nonlinear system for the inherent PWM modulation method [18] . Combining the merits and deficiencies of H 2 optimal control and H ∞ robust control, H 2 /H ∞ controller is provided to guarantee both the system performance and the robust stability of the system. A model in terms of state space equation is denoted as: x Ax B u B w
where x is the state vector, u is the control input vector, w is the outer disturbance vector, 1 z and 2 z are the control output vector, and , where K is the controller to be designed [19] . The state vector of the proposed energy recovery system is
, which are defined as the current of the motor and the voltages of the main and auxiliary sources. All the state variables can be measured directly by a physical sensor. So the state feedback controller is feasible. Design the state feedback controller as:
Substituting equation (10) into equation (9), rewrites the equation as: 
The H 2 /H ∞ controller design for equation (11) is difficult because of the solution of the nonlinear matrix inequality. According to the variable substitution method in [20] , the state feedback controller is solvable with the existence of the optimal solution X,W of equation (12 
For the "XJTUEV_II"EV, 1 [] z   is defined as the angular velocity of the motor, which is proportional to the EMF.
are defined as the reference charging currents to the main and auxiliary sources, which is the ratio to the sensor voltage corresponding to the angular displacement of the brake pedal. Now we define the performance index for robustness as the H ∞ norm of the sensitivity function from the parameter perturbation w to the control output z 1 And we define the performance index for LQG as the H 2 norm of the transfer function from the control input u to the control output z 2 . Thus, the coefficient matrices of equation (9) 
Simulation of the Energy Recovery System
Based on the MATLAB/PSB toolbox, the simulation model of the energy recovery system for the main and auxiliary sources is shown in Figure 6 . The input of the model was the sensor voltage of the brake pedal. For simplicity, the reference value was normalized. Then it multiplied the proportional coefficient 1 According to the state of charge of a lead-acid battery, the maximum charging current can"t exceed 15% of the battery content, so the charging current to the main source was limited to 40 A, and the current to the auxiliary source was limited to 12 A. The output of the model was taken as the current of the motor armature, the charging currents to the main and auxiliary sources, respectively. In Figure 6 , the "vehicle" module presents the dynamics model of EV, whose input was the braking torque deciding by the brake pedal and the electro-magnetic torque of the motor, the output was the angular velocity of the motor reflecting the EMF of the motor [21] . The "H2/Hinf controller" block was the state feedback controller corresponding to the equation (13) . During braking, T0 switches off all the time, so it can be expressed as a "diode". The traditional system stored the recovered energy at the main source only. However the proposed system stored the recovered energy both at the main source and the auxiliary source. Figure 8a shows the charging current of the traditional system, and Figure 8b shows the charging currents of the proposed system. The input normalized values of the simulated model were 0.85 for both the systems. The simulated results show that the charging currents of the two systems rose to their maximum limitation quickly, and the response time was about 0.02 s. Then the motor currents still rose to keep the charging currents at the reference value. The H 2 /H ∞ controller was endowed with high performance in accuracy, stability, and rapidity. At about 0.9 s the EMF of the motor was not high enough to boost to the voltage of the main source, so the charging current to the main source began to descend. However for the proposed system the EMF was high enough to buck to the voltage of the auxiliary source, so the charging current to the auxiliary source still reached its maximum limit. At 1.05 s the EMF of the motor was not high enough to charge the auxiliary source. The charging current to the auxiliary source began to descend until the motor stopped. The comparative results showed that with the same initial velocity of the EV for braking, the braking time were basically same for both the systems. The recovered energy for the main sources of the two systems were both nearly 4,800 J, but the additional auxiliary source of the proposed system recovered 158 J more energy, so the energy efficiency of the proposed system was improved nearly 3%.
The step responses of the simulated models for the proposed system are shown is Figure 9 . To test the performance of the controller with the outer disturbance and the parameter perturbation, comparative simulations were carried out on the nominal model and the perturbation model of the proposed system. The inputs of the models were both 0.15 first, and stepped to 0.3 at 0.2 s. The input step was equaled to the step of the braking torque, which was a disturbance for the system. The charging currents of the nominal model are shown in Figure 9a , and Figure 9b shows the perturbation model. For the nominal model the voltage of the main source was 120 V and the auxiliary source 12 V. For the perturbation system the voltage of the main source was 144 V and the auxiliary source 14 V. It can be concluded from the simulated results that with the same parameters, the charging power increased with the perturbation of the voltage of the sources resulting in the raising of the motor current. However the state feedback controller for the proposed system can guarantee both the system performance and robust stability with the parameter perturbation and the outer disturbance. 
Experimental Results
The Hardware Design of the DSP-based Controller
The configuration of the hardware controller is shown in Figure 10 . The main processor of the experimental system was a DSP TMS320LF2407A with a clock frequency of 40 MHz. The currents were detected by the Hall-effect sensor (LEM208) and the detected analog signals were converted to digital values by using a A/D converter with a 12-bit resolution. The energy from the auxiliary source supplied the core processor. The drive reference value, the brake reference value, the bidirectional motor current, the bidirectional battery current, the voltage of power source, and the additional analogy signals can be acquainted by the current and voltage sensor and adjusted by the filter circuit. The output PWM provided the drive signals for IGBT, and controlled the conducting time of the power devices. I/O module received the error signals from the driver board of IGBT, and turned on the corresponding diode to alarm. 
The Software Program of the DS-based Controller
The sampling period of the proposed control scheme was 50 μs. The state feedback controller designed by MATLAB was rewritten in C language and loaded into the on-board memory of the TMS320LF2407 system board. The flowchart of the main program is shown in Figure 11 . After resetting the DSP, the main program began with the initialization, which included the declaration of the head file of A/D, PWM, I/O modules. All the registers were cleared and the interrupt vector was loaded for the interrupt service routine. If all jobs were ready, enable the interrupt and wait for the timer cycle interrupt. Once the cycle interrupt happened, the main program jumped to the interrupt service routine. The modulation frequency was 20 kHz.
The control processing was performed by two subroutines: ISR performed the job of field protection and interrupt arbiter and SISR executed the data acquaints and current control. SISR read the measured currents from the A/D converter and calculated the duty cycle of PWM, which was interrupted at a sampling rate 20 kHz. As a result of the current regulation, the voltage of obtained and used for the PWM signals was generated. The controller first responded to the brake reference input for safety, which meant that once both the drive and brake pedals gave out the inputs by wrong action or outside disturbance, the controller performed the braking job, and the vehicle stayed still. During regenerative braking, when the EMF of the motor was more than 36 V, the controller sent out the duty cycle d1 of PWM T1. When it was less than 36 V, then the duty cycle d2 was sent out. 
Experiments
To validate the feasibility and effectiveness of the energy recovery system, experiments were carried out for the "XJTUEV_II" EV in the emergent and soft brake modes. The experiments were focused on the current control of the system. The current curve was acquired with a Tektronix oscilloscope. In Figures 12, 13 and 14 , the results on the left correspond to experiments in soft brake mode, and the right column to emergent mode. Figure 12 shows the PWM waveform of the DSP. Figure 13 shows the current of the motor winding corresponding to Figure 12 . Figure 14 shows the RMS signals of the currents of the motor and the sources. First, a micro experiment was carried out, and the resulting PWM is shown in Figure 12 . In Figures 12a and Figure 12b , the first channel shows the PWM of T1, and the second channel shows the PWM of T2. When the system was stable in a soft brake mode, the duty cycle of the PWM T1 was 25%, and T2 was 10%. When the system was stable in an emergent brake mode, the duty cycle of the PWM T1 was 50%, and T2 was 10%. With the constraint of only two channels of Tektronix oscilloscope TEK2010, the motor currents corresponding to Figure 12 are shown in Figure 13 . The motor current began to increase when T1 was switched on, then decreased when T1 was switched off. When T2 switched on, the rate of decrease was accelerated. The experimental results were in agreement with the simulated results in Figure 7 . From Figure 14 , it can be concluded that the charging current to both the main and auxiliary source was stable, with quick response and minor stability issues. In the emergent brake mode, the charging current to the main source can"t hold the maximum value and begins to descend with overshoot.
However, the charging current to the auxiliary source was good. The experimental results were in agreement with the simulated results. In soft brake mode the recovered energies were 16,800 J and 576 J for the main and auxiliary source, respectively, and the energy efficiency was improved 3%. In emergent brake mode the recovered energies were 6,000 J and 360 J, and the energy efficiency was improved by 6%. Figure 14. (a) the RMS currents at a soft brake mode; (b) the RMS currents at an emergent brake mode.
The experimental results show that the electrical circuit of the energy recovery system can work as a boost-buck converter. It can make the inductance of the motor pump the current to the main source and charge the auxiliary source at the same time. The simulated and experimental results showed that the current can be controlled, which validates the effectiveness and the feasibility of the proposed energy recovery system.
Conclusions
The traditional methodology for the regenerative braking of EV was extended in depth, and a novel energy recovery system for the main and auxiliary sources was presented. The H 2 /H ∞ controller for the proposed system was designed. Comparative simulations were carried on the traditional and novel energy recovery systems. The simulation and experimental results showed that the proposed system is both feasible and effective, and recovers more energy during the braking of EVs. The designed controller can guarantee both the system performance and robust stability when faced with parameter perturbation and outer disturbances.
The vehicular electrical components are critical in the safety, comfort and maneuverability of a vehicle [7] . Safety standards require the auxiliary source to be continuously working. If the main source is discharged essential, the electrical components won't function for the traditional EV powering the electrical components through a DC/DC converter. It's less like to happen with the auxiliary source supplying the loads independently, for the auxiliary source can support the electrical loads in normal driving with the regenerative braking energy, which is presented in this paper. The proposed system can be widely applied to battery EVs, hybrid EVs and fuel cell EVs, to improve the energy efficiency and lengthen the driving range of these vehicles. 
